NGF binding to its protein kinase receptor TrkA is known to induce neurite outgrowth and neural cell differentiation. The plasma membrane expansion, necessary for the process, was shown to be contributed by the VAMP7-dependent exocytosis of endocytic vesicles. Working with wild-type PC12 (wtPC12), a cell model widely used to investigate NGF-induced neurite outgrowth, we found that a few hours of treatment with the neurotrophin (and to a lower extent with basic FGF and EGF) induces the appearance of enlargeosome vesicles competent for VAMP4-dependent exocytosis abundant in high REST-PC12 clones. Both the neurite length assay and the immunocytochemistry of enlargeosomes exocytosis revealed that activation of TrkA is induced not only by NGF, but also by the L1 adhesion protein, L1CAM, whose soluble construct binds the receptor with submicromolar affinity. In the intact wtPC12, the L1CAM construct induced autophosphorylation and internalization of TrkA followed by the activation of the PI3K, MEK, and PKCγ signaling cascades, analogous to the responses induced by NGF. Down-regulation of either VAMP7 or VAMP4 revealed the coparticipation of the two corresponding vesicles to the outgrowth responses induced by NGF and L1CAM. Finally, mixing experiments of wtPC12 cells rich in TrkA with high REST PC12 cells transfected with L1CAM documented the transactivation of the receptor by the adhesion protein surface-exposed in adjacent cells. In view of the known inhomogeneous surface distribution of both L1CAM and TrkA in various neural cells including neurons, their transcellular binding could be restricted to discrete sites, governing local signaling events distinct from those induced by soluble messengers.
NGF binding to its protein kinase receptor TrkA is known to induce neurite outgrowth and neural cell differentiation. The plasma membrane expansion, necessary for the process, was shown to be contributed by the VAMP7-dependent exocytosis of endocytic vesicles. Working with wild-type PC12 (wtPC12), a cell model widely used to investigate NGF-induced neurite outgrowth, we found that a few hours of treatment with the neurotrophin (and to a lower extent with basic FGF and EGF) induces the appearance of enlargeosome vesicles competent for VAMP4-dependent exocytosis abundant in high REST-PC12 clones. Both the neurite length assay and the immunocytochemistry of enlargeosomes exocytosis revealed that activation of TrkA is induced not only by NGF, but also by the L1 adhesion protein, L1CAM, whose soluble construct binds the receptor with submicromolar affinity. In the intact wtPC12, the L1CAM construct induced autophosphorylation and internalization of TrkA followed by the activation of the PI3K, MEK, and PKCγ signaling cascades, analogous to the responses induced by NGF. Down-regulation of either VAMP7 or VAMP4 revealed the coparticipation of the two corresponding vesicles to the outgrowth responses induced by NGF and L1CAM. Finally, mixing experiments of wtPC12 cells rich in TrkA with high REST PC12 cells transfected with L1CAM documented the transactivation of the receptor by the adhesion protein surface-exposed in adjacent cells. In view of the known inhomogeneous surface distribution of both L1CAM and TrkA in various neural cells including neurons, their transcellular binding could be restricted to discrete sites, governing local signaling events distinct from those induced by soluble messengers. (1) is a well-known model of the analogous process occurring in neurons both during development and upon maturation (2) (3) (4) . A key mechanism of the outgrowth is the traffic of specific membranes sustaining the expansion of the plasma membrane. Work from various laboratories has demonstrated the role in this process of exocytic vesicles of endosomal nature, characterized by markers such as the vSNARE VAMP7 (also known as Ti-VAMP), the Ca 2+ -sensing protein synaptotagmin VII, and several small GTPases of the Rho family (5-10). Whether these endosomes are the only vesicles sustaining the surface expansion of neurons and wtPC12 cells is, however, unclear. Studies in primary hippocampal neurons from VAMP7 knockout mice have shown neurite outgrowth to be reduced, however, only in part (10) , suggesting the involvement of another vSNARE in the endosomal vesicles. Alternatively, the process could be sustained not only by endosome vesicles, but also by other types of vesicles also competent for exocytosis.
Work from our laboratory, carried out in REST PC12 clone defective of neurosecretion, very rich of the transcription repressor REST and transfected with the NGF receptor TrkA (PC12-TrkA clone) (11) , had already revealed the participation in neurite outgrowth of another vesicle, the enlargeosome, exocytized by a VAMP4-depenent system (12) . Enlargeosomes are lacking in growing wtPC12 cells; however, they have been reported to appear upon NGF treatment. Therefore, the enlargeosomes might be hypothesized to have also a role in neurite outgrowth in wtPC12 cells.
Upon enlargeosome fusion with the plasma membrane, a luminal marker protein of the vesicle, desmoyokin/Ahnak (d/A), is known to appear at the cell surface (11) (12) (13) . Here we report that the enlargeosome exocytosis, revealed by the surface appearance of d/A, occurs during NGF treatment of wtPC12 and participates in the outgrowth of their neurites. We also report an almost unknown aspect of TrkA function, its activation by L1CAM, a neuronal adhesion protein of the Ig superfamily (14) . The latter property of TrkA opened novel perspectives to its signaling and function, important not only in PC12 but also in neurons expressing the neurotrophin receptor.
Results
Enlargeosome Exocytosis in the NGF-Induced Neurite Outgrowth.
We first investigated whether enlargeosomes are expressed and exocytized by wtPC12 cells during treatment with NGF, basic FGF, or EGF (14) (15) (16) (17) . The enlargeosome marker d/A appeared in the cells, and at their surface, after 6 h of treatment, stronger with NGF than with the other factors ( Fig. 1 A and B and Fig.  S1 ). The d/A surface appearance was most likely due to the exocytosis of enlargeosomes. In fact, (i) in wtPC12 treated with NGF for 12 h, d/A was colocalized not with VAMP2, VAMP7, and VAMP8, the vSNAREs of other membrane fusions (Fig.  S2A ), but with VAMP4, the vSNARE of enlargeosomes (12); (ii) the surface appearance of d/A was much lower in the cells downregulated for VAMP4 (Fig. S2B) ; (iii) the latter reduction was
Significance
Much of the available information on NGF-induced neural cell differentiation has been first obtained by the study of a cultured cell line, the pheochromocytoma PC12. Using the pheochromocytoma PC12 cells, we now demonstrate two new aspects of the differentiation process, possibly important also in neurons: (i) the direct binding, activation, and signaling of the NGF receptor TrkA by a neural adhesion protein, L1CAM, when administered as a soluble construct and also when surface-exposed by adjacent cells; and (ii) the expression, in the PC12 exposed for a few hours to NGF treatment, of an exocytic vesicle, the enlargeosome, that cooperates with an endocytic vesicle in the enlargement of the cell surface, which is necessary for neurite outgrowth to take place.
accompanied by a marked decrease (−70%) of the neurite length ( Fig. 2A, Left and B) , whereas the neurite number remained unchanged. Similar decreases of neurite length were observed in the cells down-regulated for VAMP7, the vSNARE of endosome vesicles (5, 6) ( The next question was whether the NGF-induced exocytosis of enlargeosomes sustaining neurite outgrowth shares properties with the exocytosis of other organelles, especially the endosome vesicles. Previous extensive studies demonstrated that, in PC12 cells, neurite outgrowth occurs even when NGF is applied at low concentrations (4). Moreover, in PC12 cells stimulated with staurosporine, the endosome vesicles were shown to spread along the whole outgrowing neurites, preferentially at their top (5, 6) . In the case of enlargeosomes, the situation was different (Fig. 3 ). Upon 72-h treatment with low NGF (2.5-5 ng/mL), the neurites only were slightly positive for surface d/A. Only with higher NGF (50-100 ng/mL) the surface d/A immunolabeling was widely distributed (Fig. 3) . The enlargeosomes therefore appear to operate mostly in the reinforcement of the outgrowths induced by strong stimulations by NGF and possibly also by other agents.
TrkA Activation by the Adhesion Protein L1CAM. Our previous studies on PC12-TrkA (a high REST-PC12 clone stably transfected with TrkA) had revealed some neurite outgrowth induced by L1CAM activation of TrkA (14) . In the new experiments, we used wtPC12 and PC12-TrkA, together with the nonneural COS-7 cells. The Western blots of Fig. S4A illustrate the expression of both L1CAM (similar levels in wtPC12 and PC12-TrkA/L1CAM stably transfected with the adhesion protein) and of TrkA (very high in the PC12-TrkA subclones, with and without L1CAM). Fig. 4A shows quantitative data on the coimmunolocalization of endogenous TrkA and L1CAM in wtPC12 and PC12-TrkA/ L1CAM, compared with PC12-TrkA and COS-7 incubated for 2 h with a soluble L1CAM construct (L1CAM-Fc, the ectodomain of human L1CAM combined to an IgG Fc domain) (14, 18) . Examples of colocalizations of endogenous TrkA and L1CAM are shown in the Fig. S4 B and C. Upon activation by L1CAM-Fc, TrkA underwent phosphorylation and cointernalization with the adhesion protein and the endosomal marker EEA1 (Fig.   S4D ). Moreover, in wtPC12 cells predifferentiated with NGF and then stripped mechanically of their neurites, L1CAM-Fc, analogous to reapplication of the neurotrophin, induced the transcription-independent outgrowth of another wave of neurites (Fig. S5) . Incubation of the L1CAM-Fc construct with immobilized TrkA-Fc sheets (Fig. 4B) and vice versa revealed, in addition to a low affinity form, also a submicromolar form of binding. The specificity of this binding was confirmed by its decrease by 20 ng/mL of NGF and by the lack of effect of ICAM-1-Fc, a soluble adhesion construct similar in structure to L1CAM-Fc (Fig. S6A) . The additive effect of NGF and L1CAM-Fc was shown by the much stronger d/A surface immunolabeling in the cells exposed to the two agents (20 ng/mL) together rather than separate (Fig. S6B) . Taken together the results confirm the direct binding of L1CAM to TrkA, likely involving one (or more) surface-exposed Ig domain(s) of the adhesion protein.
The wtPC12 enlargeosome exocytosis induced by 100 ng/mL L1CAM-Fc was compared with that induced by NGF. Fig. 5 A and B and Fig. S7A show that the d/A surface responses induced by the two agents were (i) quantitatively similar, (ii) additive, and (iii) blocked by a TrkA inhibitory drug, Calbiochem 648450 (14, 19) . Moreover, the d/A response was partially inhibited by The significance of differences ± SD with respect to untreated cells is indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). drugs that affect the various signaling cascades triggered by TrkA activation: wortmannin, a blocker of the PI3K cascade; UO126, of the MEK cascade; and hispidin, of the PKC cascade (20, 21) . When the three drugs were administered together, the surface appearance of d/A induced by L1CAM-Fc and NGF was inhibited almost completely ( Fig. 5C and Fig. S7B ). The neurite outgrowth induced by L1CAM-Fc depended on the exocytosis of both enlargeosomes and endosome vesicles (Fig. 6A) . In the cells down-regulated for either VAMP4 or VAMP7, the number of neurites induced by the L1CAM-Fc was unchanged, but their outgrowth was reduced to levels similar to those reported for NGF (compare Fig. 6 A and B, Left to Fig. 2 A and B, Left) .
Can the activation of endogenous TrkA by L1CAM occur by direct interaction of two living cells? The cells used were wtPC12 and high REST-PC12 cells, which are very poor of TrkA and stably transfected with L1CAM (PC12-27/L1CAM; ref. 14) , identified by their flat shape and high level of d/A (11, 13) . Mixed cells seeded on slides coated with polyornithine, incubated for 24 h, were fixed, doubly immunolabeled for d/A and L1CAM, and analyzed at the surface level. When very close to each other, the cells of the two types were expected to interact, with direct binding of the L1CAM of PC12-27/L1CAM cells to the TrkA of wtPC12, and ensuing activation of enlargeosome exocytosis in the latter cells. In contrast, in the cells spread away, the direct L1CAM/TrkA binding and the enlargeosome exocytosis were unlikely. The results showed that ∼50% of the wtPC12 distributed at <10 μm distance from PC12-27/L1CAM cells exhibited clear d/A surface immunolabeling. In contrast, the cells away from the PC12-27/L1CAM were almost all negative ( Fig. 7 A and C) . The TrkA dependence of the results was confirmed by the blocker drug, Calbiochem 648450 (Fig. 7A,  Right) . The dependence of the short/long distance results on the L1CAM transstimulation was confirmed by the negative results obtained with PC12-27 cells transfected with a mock construct ( Fig. 7 B and C) and by the positive results in almost 100% of the wtPC12 cells incubated with saturating concentrations of L1CAM-Fc (Fig. 7 D and E) . Discussion PC12 neurite outgrowth induced by long-term treatment with NGF (1) is widely considered as a useful model of neural cell differentiation (2, 3) . In our previous studies, (11) (12) (13) interest about this process was focused on the expansion of the plasma membrane necessary for the outgrowth to take place (22) . In addition to the endocytic, VAMP7-positive vesicles identified by others (5, 6) , we demonstrated the participation of a distinct class of exocytic vesicles, the enlargeosomes, expressed by high REST clones and not by resting wtPC12 cells (11) (12) (13) . Here, we show that enlargeosomes appear, and are released by, a VAMP4-specific exocytosis, also in wtPC12 treated for more than 6 h with NGF. Interestingly, the exocytosis of enlargeosomes was found to require NGF concentrations higher than those known to stimulate the outgrowth process and the exocytosis of other organelles such as the endosome vesicles (5-8).
The enlargeosomes seem therefore to play a role in neurite outgrowth only when the process is strongly stimulated. In conclusion, our results demonstrate and characterize for the first time, to our knowledge, the participation of enlargeosomes in the neurite outgrowth process of a WT neural cell type.
In most previous studies, outgrowth had been assayed by following neurite elongation. The demonstration that enlargeosomes are exocytized by wtPC12 cells long-term treated with NGF provided us with a new assay to investigate the process, i.e., the quantitation of surface immunocytochemistry of the specific marker d/A. The consistency of the results obtained by the new and the classical assays was essential to reveal an unexpected property of the TrkA receptor, its activation not only by NGF but also by L1CAM, an adhesion protein abundant in neural cells. In addition to its homophilic binding, L1CAM was already known to undergo heterophilic bindings to receptors, integrins, and other surface molecules. L1CAM was therefore already known to participate in a spectrum of signaling processes (23) (24) (25) . The stimulation of neurite outgrowth and the reinforcement of the NGF effects, induced by the L1CAM-Fc construct (14) , are shown here to depend on the submicromolar affinity binding of the extracellular domains of L1CAM and TrkA. This binding was shown to trigger the autophosphorylation and internalization of the receptor followed by the activation of its signaling cascades, the PI3K, MEK, and PKC cascades. The ensuing stimulation of neurite outgrowth, analogous to that induced by NGF, was sustained by the exocytosis of both endocytic and enlargeosome vesicles, dependent for their exocytosis of VAMP7 and VAMP4, respectively. Finally, by the study of mixed cell monolayers, we found outgrowth to be induced in wtPC12 cells by closely adjacent cells rich of L1CAM. In these conditions, it is quite likely that the two types of cells interact directly, creating the conditions for the specific, intercellular transactivation of TrkA by the surface L1CAM.
Although obtained in cultured PC12 cells, our results may be of importance also for tissue cells, especially neurons. In the rat brain the enlargeosomes, present in neurons before birth, disappear thereafter (13), most likely due to the extensive decrease of the transcription factor REST. In the mature neurons, however, REST is not stable but increases upon long-term stimulation and during aging (26, 27) . Therefore, a participation of enlargeosomes in the traffic of adult neuron membranes cannot be excluded. TrkA and L1CAM are known to be concentrated at discrete sites of neural cells such as growth cones and some synapses (28) (29) (30) . Activation of TrkA by L1CAM exposed by adjacent neurons could thus play important roles at critical sites, giving rise to long-term signals and contributing to the regulation of local structures and functions.
Materials and Methods
For an extended section, see SI Materials and Methods.
cDNA and siRNA Transfections. The PcDNA3.1 plasmid of human L1CAM cDNA was a gift of Susan Kenwrick (Institute of Medical Research, Cambridge, UK). siRNAs of mouse VAMP4 (s171259), VAMP7 (s137023), and scrambled sequences were from Ambion. Cells transfected twice (24 h distance) with siRNA and scrambled constructs were treated with NGF or L1CAM-Fc. Transient cDNA transfections were carried out by using Lipofectamine 2000 (Invitrogen). Stably transfected cells were those of ref. 14. shRNA sequences against d/A were from Origene.
Neurite Outgrowth. PC12 cells on polyornithine coverslips, transfected twice with VAMP4 or VAMP7 siRNA, were serum-starved (6 h) and treated with NGF 
